Hypoxic damage to the central nervous system triggers morphological and functional responses in astrocytes (AC). When isolated from the cerebral microenvironment and placed in cell culture, hypoxia promotes astrocytic alterations indicative of dedifferentiation. To investigate the effect of hypoxia on AC morphology, we performed studies on cultured AC pretreated with dibutyrylcAMP. These treated cells resemble AC in vivo, assuming a stellate morphology as observed by phase contrast microscopy. Exposure to hypoxia (0.3% oxygen tension) for 24 h induced a flat and polygonal shape in most of the cells as opposed to normoxic controls. A candidate factor to mediate this response is endothelin-1 (ET-1), a peptide produced by ischemic AC in vivo. The role of the astrocytic ET system during hypoxia, therefore, was investigated. Exogenous application of ET-1 mimicked the effect of hypoxia on the astrocytic morphology. The effects of hypoxia and exogenous ET-1 on the morphology were inhibited by the nonselective ET receptor antagonists PD142893 and PD145065. The ET peptide levels in the culture supernatants of AC increased about 1.5-fold after 24 h of hypoxia as measured by radioimmunoassay. Northern blot analyses revealed a threefold up-regulation of prepro ET-1 mRNA and a concomitant downregulation of ET A receptor and ET B receptor mRNAs. However, calcium responses were still inducible by exogenous ET-1. These results indicate that hypoxia triggers an autocrine loop in AC, resulting in a morphological transformation. This response is independent from neuronal damage and is based on activation of the astrocytic ET system. Key words: cell morphology • astrocytes • cell morphology • cultured cells • culture media • endothelin-1 • endothelin converting enzyme ypoxia is a very common pathophysiological condition of the brain, which is either isolated, for example, in neonatal asphyxia, or in combination with substrate deprivation, as in ischemia. Many authors have discussed the morphology of astrocytes (AC) in a brain that has been subjected to ischemia or hypoxia. Loss of astrocytic processes during global cerebral ischemia was first recognized by Alzheimer in 1910 (1). He noted that AC could undergo a process he termed "clasmatodendrosis", which results in these cells assuming an H amoeboid shape with a clear reduction in surface area. Clasmatodendrosis can be observed as early as 30 min following occlusion of the middle cerebral artery in the rat (2). On the ultrastructural level, astrocytic processes disappear from between adjacent dendrites with the possible consequence of increased neurotransmitter levels at synapses of compromised neurons (3, 4). During ischemia these alterations might favor excitotoxic neuronal death.
amoeboid shape with a clear reduction in surface area. Clasmatodendrosis can be observed as early as 30 min following occlusion of the middle cerebral artery in the rat (2) . On the ultrastructural level, astrocytic processes disappear from between adjacent dendrites with the possible consequence of increased neurotransmitter levels at synapses of compromised neurons (3, 4) . During ischemia these alterations might favor excitotoxic neuronal death.
Considering the clinical relevance of factors influencing the outcome of ischemia, it is of great importance to elucidate the mechanisms evoking these early astrocytic responses, as pharmacological intervention might be capable of prolonging postischemic neuronal survival. Cell culture models provide a valuable tool to study features of AC isolated from the microenvironment of the brain. However, under baseline cell culture conditions, AC assume a flat epitheloid morphology, which is unchanged after hypoxic challenge. A primary cell culture model for studies of the morphological transformation of AC by ischemia had not been established.
It has been described previously that cultured AC pretreated with dibutytyl-cAMP (DBcAMP), an agent inducing a process-bearing, stellate morphology, resemble AC in vivo with respect to both morphology and differentiation (5, 6) . Although the influence of hypoxia on the morphology of these highly differentiated cultured AC has never been examined, various agents are known to reverse this process-bearing phenotype into the flat and polygonal shape of untreated cultured AC.
One of these agents is endothelin (ET) (7-10), a 21-amino-acid vasoactive peptide originally isolated from culture supernatants of porcine endothelial cells (11) . To this point, three isopeptides, encoded by different genes, namely ET-1, ET-2, and ET-3, have been identified (12) . In a processing cascade, prepro ETs, proteins of approximately 200 amino acids, are proteolytically cleaved into big ETs of approximately 38 amino acids. Big ETs in turn are processed by endothelin-converting enzyme (ECE)-1 or ECE-2, producing mature ETs (13, 14) . Endothelins act on two specific receptor subtypes, ET A receptor (ET A R) and ET B receptor (ET B R), which belong to the class of heptahelical, G-protein-coupled receptors (15, 16) .
AC have the potential to express crucial components of the ET system (17) (18) (19) (20) . In animal models of cerebral ischemia, AC in the affected regions become immunoreactive for ET in the early postischemic period (21) . The ET system in cultured AC, however, is only partially characterized, and little is known about the influence of hypoxia on ET system expression.
In the present study, the effect of hypoxia on the morphology of DBcAMP-induced stellate AC was investigated by phase-contrast microscopy, indicating hypoxia-induced shape changes similar to those observed after brain ischemia in vivo. We further investigated whether ET might be an autocrine mediator of these changes. For this purpose, expression levels of ET peptides and ET-1 mRNA in hypoxic and normoxic stellate AC were assessed by RIA and Northern blotting, respectively. At the same time, we measured prepro ET-3, ET A R, ET B R, ECE-1, and ECE-2 mRNA expression. Finally, we tested the capability of nonselective ET receptor antagonists to prevent the hypoxia-induced morphological response. Our results indicate that ET-1 through an autocrine loop participates in the astrocytic morphological transformation during hypoxia.
MATERIALS AND METHODS

Reagents
Dibutyryl cAMP and synthetic ET-1 (Sigma, Diesenhofen, Germany) were dissolved in sterile water. ET receptor antagonists PD142893 and PD145065 (Sigma) were dissolved in 5% dextrose.
Cell culture
We prepared astrocyte cultures from neonatal NMR mouse brain exactly as described previously (22) . Briefly, the dissociated brain was trypsinized with 1.0% trypsin and 0.05% DNase (Worthington Biochem. Corp., Lakewood, N.J.) at room temperature in Hank's Balanced Salt Solution (HBSS, Gibco, Gaithersburg, Md.) without Ca 2+ and Mg 2+ . The tissue was then washed twice with HBSS and resuspended in Basal Medium Eagle's (BME; Seromed, Berlin, Germany) containing 10% heat-inactivated fetal calf serum (FCS; Gibco), penicillin (100 I.U./ml), and streptomycin (100 µg/ml) (BME/FCS). DNase was added to a final concentration of 0.05%, and tissue was triturated through Pasteur pipettes to yield single cells. The cell suspension was centrifuged at 800 rpm for 10 min at 4°C and washed twice with ice-cold HBSS. After resuspension in BME/FCS medium, cells from approximately one brain were plated per poly-LLysine-coated (100 µg/ml; Sigma) 75cm² culture flask (for RNA analysis and measurement of ET peptide level) or six-well-plate (for morphological studies and immunofluorescence staining), and then incubated at 37°C in a 5% CO 2 atmosphere. One day later, cultures were washed twice with HBSS to remove cellular debris and maintained in BME/FCS medium for 4 d. After reaching a subconfluent state, cellular debris, microglia cells, oligodendrocytes, and their early precursor cells were dislodged by manual shaking and removed by washing the cultures three times with HBSS.
The purity of the AC cultures was routinely determined by immunofluorescence by using a polyclonal antibody against glial fibrillary acidic protein (GFAP, DAKO, Hamburg, Germany) and dichlorotriazinyl amino fluorescent-conjugated or Cy3-conjugated secondary antibodies (Boehringer, Mannheim, Germany). Subconfluent monolayer prepared cells showed more than 90% positive staining for GFAP, a specific AC marker.
Hypoxia
We performed hypoxia in a hypoxia chamber exactly as described previously (22) . Briefly, a constant flow of 95% N 2 /5% CO 2 at 37°C was maintained throughout all experiments. AC were rinsed twice with BME gassed with 95% N 2 /5% CO 2 for a minimum of 3 h. Under these conditions, all but 0.3% oxygen tension could be removed as indicated by a pO 2 meter (Oxi 320/Set WFW, Weilheim, Germany). Control buffer was gassed with 95% O 2 /5% CO 2 for the same time period. The chamber was flushed with N 2 /CO 2 before the cells were placed into the flow of the gas mixture. Once the cells were locked into the chamber and flushed again to remove oxygen, the chamber was placed into a 37°C incubator for 24 h. Control cultures were maintained in 95% O 2 /5% CO 2 at 37°C for the same period.
For the determination of cytotoxicity of hypoxia on cultured AC, immunofluorescence staining with propidium iodide was routinely performed. After 24 h of hypoxia, AC were incubated with propidium iodide (5 µg/ml; Merck, Darmstadt, Germany) for 5 min, then washed 3 times with PBS-Dulbecco (Seromed, Berlin, Germany) and fixed with 2% paraformaldehyde (Carl Roth, Karlsruhe, Germany). The cell viability was determined by using fluorescence microscopy. AC dried at room temperature for 30 min were used as a positive control.
Morphological analysis
After incubating AC in serum-free BME with or without 1 mM DBcAMP for 3 h, AC were subjected to either hypoxia or normoxia in the presence of agents according to the experimental protocol. After a period of 24 h, AC were subjected to phase-contrast microscopy and random visual fields were photographed for morphological analysis. Stellate cells were scored according to the criterion by Kimelberg et al. (23) ; that is, cells with two or more processes that are at least twice as long as the diameter of the cell body were defined as "stellate". Cell counting was performed on a minimum of 500 cells for each experimental condition originating from at least two separate experimental series. Results are expressed as a percentage of stellate cells to total cells counted.
ET radioimmunoassay (RIA)
The ET peptide levels in culture supernatants of AC were measured with an ET-1-21 specific [ 125 I] assay system (Amersham, Buckinghamshire, England) according to the manufacturer's instructions. The ET peptide was extracted with Amprep 500 mg C2 columns (Amersham). After equilibration of the columns with 2 ml 100% methanol followed by 2 ml distilled water, 2 ml of each supernatant acidified with 0.5 ml 2M HCl were loaded onto the columns. The columns were subsequently washed with 5 ml distilled water plus 0.1% trifluoroacetic acid (TFA). The absorbed peptide was eluted with 2 ml 80% methanol plus 0.1% TFA. The eluates were dried in a speed vacuum concentrator, reconstituted in assay buffer, and stored at -80°C. All samples were measured simultaneously. Duplicate standards of ET-1 or sample (100 µl) were first incubated with 100 µl antiserum for 4 h, then with 100 µl [
125 I]-ET-3 at 4°C for 24 h, finally with 250 µl Amerlex®-M second antibody reagent at room temperature for 10 min. The antibodybound fraction was separated magnetically by using an Amerlex-M Separator base. The radioactivity of each sample was counted, and the concentrations of each tube were automatically calculated with a LKB-1277 GammaMaster System, which includes a gamma counter and a computer with the software package RiaCalc (LKB Wallac, Turku, Finland).
The utilized ET antibody's cross-reactivity with synthetic ET-1, ET-2, and ET-3 is 100%, 144%, and 52%, respectively. Cross reactivity with human or porcine big ET is less than 0.4%. The sensitivity of this system is 0.2 fmol/tube. The intragroup variation (CV) was 5.1%. The recovery of synthetic ET-1 from supernatant through Amprep 500 mg C2 columns was 84.1 +/-11.5% (n=4). The ET peptide levels were finally expressed as pg/mg protein. Supernatant protein concentrations were measured by using BioRad protein DC Kit (BioRad, Hercules, Calif.) and BSA as standards. The values of ET peptide levels are shown as mean + SD. Statistical differences were analyzed by unpaired two-tailed t-test. A p value of < 0.05 was considered significant.
RNA isolation
Total astrocytic RNA, mouse brain RNA, and rat muscle RNA were isolated by using TRIZOL ® reagent (Gibco BRL, Eggenstein, Germany) as described previously (24) . The amount of RNA was estimated by spectrophotometry.
RT-PCR
RT-PCR was carried out for gene expression of 150-kDa oxygen-regulated protein (ORP150) mRNA, an indicator of efficiency of hypoxia (25), ET-1, ET-3, ECE-1, ECE-2, ET A R, and ET B R mRNA. One microgram RNA was reverse transcribed in a 50 µl reaction mixture consisting of 10 µl 5 × first strand buffer, 100 pM random hexamers, 1 mM dNTPs, 5 nM DTT, 1 U RNAsin, and 2,5 µl M-MLV reverse transcriptase (Gibco BRL). The reaction mixture was incubated at 21°C for 10 min, 37°C for 60 min, followed by 94°C for 5 min in a PTC-100 Programmable Thermal Controller (MJ Res. Inc., Cambridge, MA). The RT products from normoxic and hypoxic AC were used for determination of ORP150 expression, from rat muscle for the cDNA probe of ET A R, and from mouse brain for cDNA probes of ET-1, ET B R, ECE-1, and ECE-2. The 50 µl PCR reaction consisted of 5 µl RT-products, 10× buffer, 2 mM MgCl 2 , 0.4 mM of each dNTP, 1.25 U Taq-polymerase (Gibco BRL), and 0.2 µM of each primer (TIB-Molbiol., Berlin, Germany). The primers are shown in Table 1 . The PCR amplification conditions were 150 s at 94°C, 40 cycles of 30 s at 94°C, 60 s at 66°C, and 45 s at 72°C, followed by a final extension period of 6 min at 72°C.
cDNA Probes
The PCR-products of ET-1, ET-3, ET A R, ET B R, ECE-1, and ECE-2 (333 bp) from mouse brain or rat muscle were then cloned into plasmid PCR2.1 (Invitrogen, The Netherlands) exactly as described previously (20) . The resulting inserts were confirmed by using an automatic DNA Sequencer (ABIPRISM™ 377 DNA Sequencer). cDNA probes were excised by an EcoRI digest, purified, and radiolabeled to a specific activity of 10 8 -10 9 counts per min (cpm)/µg DNA with 32 P-dCTP (500 µCi; Amersham) by using rediprime™ DNA labeling system (Amersham). Specificity was confirmed by hybridization with mouse brain, kidney, rat, and mouse astrocyte RNA (data not shown).
Northern blot hybridization
Total astrocytic RNA (15-20 µg) were separated by electrophoresis on 1% agarose/MOPS gel containing 6% formaldehyde. Photographs of the gels stained with ethidium bromide were obtained to estimate the amount of loaded RNA (26) . Subsequently, the RNA was transferred to a Hybond N membrane (Amersham). The blots were crosslinked by ultraviolet radiation in an UV Stratalinker 2400 (Stratagene, Heidelberg, Germany).
The blots were prehybridized in QuickHyb hybridization solution (Stratagene) at 68°C for 15 min and further hybridized with radiolabeled cDNA probe for 1 h. After hybridization, blots were washed twice in 2× SSC/0.1% sodium dodecylsulfate (SDS; BioRad) solution at room temperature for 20 min, and then successively in 1× SSC/0.1% SDS, 0.5× SSC/0.1% SDS and 0.1× SSC/0.1% SDS at 60°C for 15 min, respectively. The resulting blots were exposed to Kodak X-OMAT X-ray film (Sigma). The developed X-ray films were scanned and analyzed densitometrically by using Scion Image software (based on NIH Image for Macintosh, Scion Corporation, Md.). Statistical differences were analyzed by using the unpaired two-tailed Student's t-test. A p value of < 0.05 was considered statistically significant. All data are displayed as mean ± SD.
Calcium imaging
Cultured AC were loaded with [Ca 2+ ] i indicator by exposure to standard bath solution supplemented with 5 µM fura-2/AM (Molecular Probes, Eugene, Ore.) for 30 min at room temperature. A photomultiplyer system mounted on an upright microscope (Zeiss, Oberkochen, Germany) served to measure fluorescence intensity. A pinhole (1 mm) was inserted in front of the photomultilyer housing so that fluorescence signals were collected from a spot of 40 µm diameter (40X water immersion objective, 0.75 numerical aperture). A single-dye-loaded cell was positioned in the approximate center of the spot. Cells were alternately illuminated at wavelengths of 340 and 380 nm. Excitation filters were mounted in a wheel set at 5 rev/s. The emitted light was collected by a photomultiplier at 530 nm. The filter wheel and photomultiplier output were controlled by a Luigs and Neumann controller (Ratingen, Germany). Signals corresponding to both excitation wavelengths were fed to an IBM-compatible PC via an EPC9 interface (HEKA).
In each experiment, coverslips with cultured AC were treated with 100 nM ET-1. Cells were considered to express functional ET receptors, if they showed a raise in the ratio of fluorescence (R = F 340 /F 380 ) at the two excitation wavelengths indicative of a calcium response after application of ET-1. Subsequently, after at least 3 min, cells were stimulated by an application of 100 µM ATP to check for viability. Coverslips exposed to hypoxia always were compared with controls. Care was taken that the coverslips within one experiment started out with a similar cell density and purity as judged by morphological criteria.
RESULTS
Hypoxia triggers a morphological transformation of AC
In culture medium under serum-free conditions, AC are characterized by a flat and polygonal cell shape (Figs. 1A, 2) . We induced AC to acquire a stellate morphology by incubating cultures with 1 mM DBcAMP for approximately 24 h in serum-free medium. Exposure of these cells to hypoxia for 24 h resulted in a morphological transformation to the flat, polygonal form (Figs. 1E,  2) . In control normoxic conditions, the stellate cell shape was preserved (Figs. 1B, 2) . To quantify this transformation, stellate cells were scored according to the criteria by Kimelberg et al. (23) .
In addition to using a pO 2 meter to measure the oxygen tension in the culture medium, the gene expression of ORP150 was used as an indicator of efficiency of hypoxia. ORP150 serves as a marker for hypoxic AC (25) . RT-PCR analysis revealed that only AC in hypoxic but not those in normoxic conditions expressed a single band of the predicted size of 733 bp. ECE-2 mRNA, however, as an internal control, was equally expressed in both hypoxic and normoxic AC (Data not shown). To exclude cytotoxic effects of the 24-h exposure to hypoxia, propidium iodide staining was carried out. Only few (< 2%) AC showed positively stained nuclei indicative of cell death with no apparent difference between hypoxic and normoxic cells.
ET-1 is a signaling substance to mediate the hypoxia induced change in morphology
Cultured AC constitutively release ET into the supernatant as determined by RIA. The peptide level in culture supernatants of normoxic AC was 2.92 + 0.20 pg/mg protein 24 h after a medium change (n=4). Hypoxia induced an increase in the level of ET to about 150%, namely 4.23 + 0.56 pg/mg protein in the supernatants of AC exposed to 24 h of hypoxia (n=4; p<0.005) (Fig. 3) . To test whether the increased level of ET-1 might be responsible for the hypoxia-induced morphological transformation, we applied exogenous ET-1 to the supernatant and analyzed the morphological appearance of AC. Addition of 100 nM synthetic ET-1 to the culture media mimicked the morphological changes induced by hypoxia (Fig. 1C, 2) . The involvement of the ET system was further substantiated by the finding that PD142893 or PD145065 (5 µM), two nonselective ET receptor antagonists, blocked the effects of hypoxia (Figs. 1F, 2) or ET-1 (Figs. 1D, 2) on astrocyte morphology.
To examine the molecular changes in the astrocytic ET system, we performed Northern blots and RT-PCR. Prepro ET-1 mRNA was detectable in extracts of cultured AC by using Northern analysis. Exposure to hypoxia for 24 h increased prepro ET-1 mRNA levels significantly to about 300% of baseline levels (Figs. 4, 5) . Prepro ET-3 mRNA and ECE-1 mRNA were not detectable by Northern blots. However, by using RT-PCR, we could amplify prepro ET-3 and ECE-1 transcripts, which suggests a low baseline expression level of these ET system components (Fig. 6 ). ECE-2 mRNA was present in normoxic and hypoxic AC without a significant difference in mRNA level, as determined by Northern analysis (Figs. 4, 5) .
ET receptors are down-regulated on the trancriptional level but remain functional on hypoxic AC
Under normoxic conditions, ET A R and ET B R mRNAs were detectable by Northern blots of total RNA from cultured AC. Hypoxia induced a significant down-regulation of the ET A R and ET B R mRNA, namely to about 20% of their baseline levels (Figs. 4, 5 ). Both ET A R and ET B R are Gprotein coupled receptors, which lead to a release of Ca 2+ -ions from internal stores. To investigate whether the downregulation of ET A R and ET B R mRNA detected by Northern blots was paralleled by a loss of receptor functionality, we tested for the cells' ability to respond with an increase in Ca 2+ after application of ET. Extracellular application of 100 nM of the nonselective ET isoform ET-1 to activate ET receptors triggered a [Ca 2+ ] i transient in approximately 61±36% of hypoxic cells as compared with 96±9% of normoxic AC (n.s.). To test for viability of individual cells, ATP (100 µM) was delivered 3 to 5 min after the ET application, which generated an easily detectable [Ca 2+ ] i response (Fig. 7 ). These results demonstrate that ET receptors, although down-regulated on the mRNA level, can still mediate physiologic responses in the majority of hypoxic AC.
DISCUSSION
The three principal findings of this study are as follows. 1) Hypoxia changes the morphological appearance in cultured differentiated AC from process-bearing to flat and polygonal. 2) The ET system is induced in these cells during hypoxia. ET-1 is up-regulated on the transcriptional level, whereas ET A R and ET B R are both down-regulated.
3) The morphological changes in AC could be blocked by ET receptor antagonism, which indicates a causal link between the first two findings.
Stellate AC in vitro have been shown to resemble AC in vivo with respect to morphology and differentiation (5, 6) . They express high amounts of markers of astrocytic differentiation, such as GFAP or glutamine synthetase (27, 28) similar to reactive AC in vivo (29, 30) . After ischemia, reactive AC seem to promote neuronal survival (31) , but studies on cultured AC have suggested that hypoxia seems to counteract this activation. In cultured AC, hypoxia decreases glutamine synthetase levels and glutamate uptake (32, 33) , which indicates that direct effects of hypoxia on AC seem to be deleterious rather than protective and that astrocytic activation is not directly related to hypoxia. Therefore, according to the current opinion, astrocytic hypoxia during cerebral ischemia seems to promote neuronal death.
Our finding of hypoxia-induced reversal of astrocytic stellation supports this model of deleterious astrocytic responses to hypoxia. On the one hand, reversal of astrocytic stellation may indicate a decrease in the degree of astrocytic differentiation (7) . On the other hand, the morphological change from a process-bearing to a flat and polygonal appearance closely resembles potentially harmful astrocytic reactions to hypoxia in vivo. These in-vivo changes are characterized by the disappearance of astrocytic processes leading to an increased dentritodendritic membrane apposition (3, 4) . This effect, in turn, might favor increased neurotransmitter and potassium levels in the extracellular compartment close to neuronal cell membranes. Indeed, cultured AC, when subjected to hypoxia, have been shown to display decreased uptake of glutamate and diminished levels of intracellular K+ (33, 34) . In the short term, these changes might improve neuronal excitability. However, during prolonged periods of hypoxia they might be detrimental due to excitotoxicity.
ET, when applied to cultured stellate AC, induces morphological changes similar to those we observed after hypoxia (8) . Because in vivo models of ischemia have shown an early expression of ET in AC, it seemed reasonable that ET might be one of the mediators of the hypoxia-induced changes. Our experiments provide strong evidence that this is the case.
We had previously reported the gene expression patterns of ET system components in mouse cerebellar Bergmann glial cells in situ by using single-cell RT-PCR combined with cell-patch techniques (20) . However, knowledge about the expression pattern of the ET system components in cultured AC is incomplete. Our findings of northern blot RNA analysis and RT-PCR reveal that prepro ET-1, prepro ET-3, ET A R, ET B R, ECE-1, and ECE-2 mRNAs are expressed in cultured mouse AC. The signals in northern hybridization by using ET B R specific probes were much stronger than ET A R specific signals, which suggests a predominance of ET B R mRNA. However, this difference might be caused by a higher affinity or labeling efficacy of our ET B R specific cDNA probe. Although prepro ET-3 and ECE-1 mRNAs were not detectable by Northern blot hybridizations, the much more sensitive method of RT-PCR detected transcripts. Still, these results suggest low expression levels of these two ET system components. Taken together, our results indicate that prepro ET-1, ECE-2, and ET B R mRNAs are the predominant ET system transcripts in cultured mouse AC.
Although it has been shown that hypoxia can stimulate ET synthesis in cultured AC (35) , it is unclear whether the increase of ET occurs on the transcriptional or posttranscriptional level. Based on observations that certain factors such as thrombin and application of combined ET A R and ET B R antagonists can stimulate ET-1 synthesis in cultured AC without altering the prepro ET-1 mRNA levels, posttranscriptional regulation mechanisms might be responsible for the increase of ET-1 synthesis in AC, as has been suggested (19, 36) . In other cell types and tissues such as endothelium and brain, however, hypoxia or ischemia seem to up-regulate ET-1 mRNA transcription as well as ET-1 peptide synthesis (37) . In the present study, we found that hypoxia induced a threefold increase of prepro ET-1 mRNA in cultured AC as well as a 1.5-fold increase in ET peptide in the culture supernatants. Therefore, hypoxia, unlike other stimuli, induces ET-1 biosynthesis on the transcriptional level. Although the increase of ET-1 in the supernatants was mild, local concentrations at cellular ET receptors could still be effective to trigger an autocrine effect. In addition, the discrepancy between exogenous ET needed to induce the described changes and ET measured in the supernatants may be explained by receptor internalization during the course of the experiment (38) .
Concomitant with the increase of ET-1 peptide and prepro ET-1 mRNA, ET A R and ET B R mRNAs were found to be significantly down-regulated by hypoxia under our experimental conditions. The exact mechanism for the ET receptor mRNA down-regulation remains unclear. An autocrine receptor down-regulation induced by the increase in ET-1 levels after hypoxia provides one possible explanation. As in many other cell types, exogenous ET-1 can cause the down-regulation of ET A R mRNA in cultured AC. ET B R mRNA, however, appears to be unaffected by the ET level (19) . Another possible explanation for ET receptor down-regulation in hypoxic AC is a change in the degree of cytodifferentiation. Hypoxia is known to decrease glutamine synthase, a marker of astrocytic differentiation (32) , whereas an increased degree of cytodifferentiation in cultured AC is known to up-regulate both ET B R and glutamine synthase (7) . Therefore, down-regulation of ET receptors might reflect the decrease in differentiation induced by hypoxia. However, our measurements of intracellular calcium indicate that the downregulation of ET receptor transcripts is not paralleled by a loss of receptor function after hypoxia. Extracellular application of ET-1 still triggered a [Ca 2+ ] i transient in approximately 60% of the hypoxic cells. Therefore, the autocrine ET signal can still be expected to be functional after a prolonged exposure to hypoxia.
These observations taken together indicate that hypoxia in AC triggers both, morphological transformation and activation of the ET system. Therefore, we tested the possibility of a causal link between the two findings. We applied either PD142893 or PD145065, two nonselective ET receptor antagonists, to stellate AC prior to hypoxia. Indeed, these substances could completely prevent the hypoxia-induced changes, which indicates that ET receptors participate in the morphological transformation. At this point it is unclear which receptor subtype is responsible. Although the ET B R is predominant in AC as shown in this study and earlier (7), the combination of both receptor subtypes appears to be necessary for certain astrocytic responses (36) . We, therefore, wished to study the effect of a combined receptor blockade, because this approach is apparently necessary to study the whole spectrum of ET system effects.
One of the drawbacks of cell culture models is the artificial enlargement of the extracellular space, especially when autocrine mechanisms are subject to investigation. In our study, only a 24-h period of hypoxia could significantly affect AC morphology, whereas preliminary experiments using 6 h of hypoxia had no effect (data not shown). The actual time course of the morphological changes induced by hypoxia in vivo might be substantially shorter due to the relatively small extracellular space in the brain comprising only about 20% of the total brain volume. In vivo studies have shown that increased ET levels in the brain can already be detected 60 min after ischemia (21) , which suggests that ET might be an early signal of compromised AC. Therefore, it is possible that time courses of astrocytic responses differ in vitro and in vivo.
To ensure that the astrocytic responses observed were actually related to hypoxia and not secondary to cell damage, viability was assayed demonstrating that the 24-h period of hypoxia induced no significant cell damage. This finding is in accordance with our previous studies showing that cultured AC survive periods of hypoxia of as long as 42 h with no apparent cell damage (22, ) .
The observation that hypoxia induces ET-mediated changes in astrocytic morphology in vitro calls for future in vivo approaches. A predominant aim will be to test whether ET receptor antagonism in vivo will produce alterations of astrocytic morphological and functional responses after hypoxia, thereby providing a possible pharmacological tool in the treatment of early cerebral ischemia.
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